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RESUMO 
Lactose é um dos carboidratos mais abundantes na dieta humana, estando presente no leite e em seus 
derivados, alimentos amplamente consumidos. A metabolização da lactose pelas bactérias orais 
ocorre através de sistemas induzidos de transporte e catabolismo. Por isso, a fermentação desse 
carboidrato gera menos ácidos, causando quedas de pH não compatíveis com a desmineralização do 
esmalte, mas capazes de gerar perda mineral em dentina.  Apesar da baixa cariogenicidade, foi 
demonstrado in vitro que bactérias orais frequentemente expostas à lactose se tornam adaptadas a 
esse carboidrato. Essa adaptação também já foi demonstrada in vivo em uma série experimental que 
demonstrou haver maior produção de ácidos no biofilme dental de voluntários expostos a um período 
de adaptação. Apesar da maior produção de ácidos, não se sabe se biofilmes formados a partir de 
bactérias adaptadas são capazes de causar maior desmineralização. Dessa forma, o objetivo deste 
estudo foi avaliar a cariogenicidade e a desmineralização da dentina causadas por um biofilme de 
Streptococcus mutans formado a partir de bactérias adaptadas ao metabolismo da lactose. Para tanto, 
um estudo experimental, in vitro e cego quanto às analises foi realizado utilizando um modelo 
validado de biofilme cariogênico. Assim, cepas de S. mutans UA159 foram submetidas à adaptação 
à lactose através de exposição continua a esse carboidrato por sete dias. Biofilmes formados a partir 
de células adaptadas e não adaptadas a lactose foram, então, crescidos sobre blocos de dentina (n=12). 
Os fatores sob estudo eram adaptação à lactose (células adaptadas e não adaptadas) e tratamentos, o 
que gerou 6 grupos experimentais: (1) células adaptadas + NaCl 50 mM, (2) células não-adaptadas + 
NaCl 50 mM, (3) células adaptadas + lactose 4,5%, (4) células não-adaptadas + lactose 4,5%, (5) 
células adaptadas + sacarose 4,5%, (6) células não-adaptadas + sacarose 4,5%. Tanto biofilme 
adaptado, quanto não adaptado foram expostos 8 vezes ao dia aos tratamentos de acordo com os 
grupos descritos anteriormente. O meio de cultura foi trocado diariamente, antes e após a realização 
dos tratamentos, e seu pH foi mensurado a cada troca. Após 96 h de crescimento, biofilmes e blocos 
de dentina foram coletados. As variáveis resposta foram: peso seco do biofilme, pH do meio de 
cultura, contagem de unidades formadoras de colônias (UFC), quantificação de polissacarídeos 
extracelulares (PEC) solúveis e insolúveis na matriz dos biofilmes (n=8) e porcentagem de perda de 
dureza de superfície (%PDS) dos blocos de dentina. Três experimentos independentes foram 
realizados e os dados foram avaliados utilizando ANOVA dois fatores e Teste Tukey (α= 5%).  S. 
mutans apresentou maior taxa de crescimento e produção de ácidos na cultura planctônica após o 
período de adaptação. Entretanto, esse perfil não foi observado após formação do biofilme.  O efeito 
do fator tratamento foi significativo para todas as variáveis (p< 0,05). Dessa forma, maior peso seco, 
número de UFC, maior quantidade de PEC, maiores porcentagens de perda de dureza de superfície 
de dentina e menores valores de pH foram encontrados para o grupo sacarose. Além disso, a perda de 
dureza causada pela a exposição à lactose foi maior do que a observada no grupo controle negativo 
(p< 0,05).  Os fatores adaptação e interação (entre adaptação e tratamentos) foram significativos 
apenas para as variáveis polissacarídeos extracelulares, solúveis e insolúveis.  Assim, não foi 
observado aumento na cariogenicidade, nem no potencial desmineralizador de biofilmes formados a 
partir de células adaptadas ao metabolismo da lactose. 




















Lactose is one of the most abundant carbohydrates of the human diet, since it is present in milk and 
in its derivatives, which are widely consumed foods. Lactose metabolization by oral bacteria demand 
the expression of inducible systems of transport and catabolism. Thus, less acid is produced, which 
explains the less pronounced pH drops on the oral biofilm from lactose metabolization. Although 
lactose is considered one of the least carbohydrates in diet, it has been suggested that the frequent 
exposure of oral microorganisms to this carbohydrate might lead to adaptation. Such process has been 
demonstrated in vitro and in vivo in an experimental series that showed that more acid was produced 
by the biofilm of volunteers after a period of adaptation to lactose. Although higher acid production 
has been found, there is no evidence that biofilms formed from cells adapted to lactose are capable 
causing higher demineralization rates. Thus, the aim of this study was to evaluate the cariogenicity 
and demineralization potential of Streptococcus mutans biofilms formed from cells adapted to lactose. 
A randomized and blinded factorial (2x2) experimental study was conducted in vitro using a validated 
cariogenic biofilm model. The factors under study were adaptation lactose (cells adapted and non-
adapted to lactose) and treatments, generating six experimental groups: (1) adapted cells + 50 mM 
NaCl, (2) non-adapted cells + 50 mM NaCl, (3) adapted cells + 4.5% lactose (same concentration of 
lactose found in bovine milk), (4) non-adapted cells + 4.5 % lactose, (5) adapted biofilm + 4.5% 
sucrose, (6) non-adapted biofilm + sucrose 4.5% . Streptococcus mutans UA159 was submitted to 
adaptation to lactose through continuous exposure to lactose for seven days. Then, biofilms formed 
from adapted and non-adapted cells were grown on saliva coated dentin slabs (n = 12/group). These 
biofilms were exposed 8 times a day to the treatments, according to the groups previously described.  
The culture medium was changed twice daily during biofilm growth phase the pH evaluated at each 
change. The response variables were:  biofilm dry weight, culture medium pH, number of viable cells 
(CFU), extracellular polysaccharides (EPS - soluble and insoluble), and dentin demineralization, 
which was analyzed by means of percentage of surface hardness loss (%SHL). Three independent 
experiments were carried out and the data were statistically analyzed by two-way ANOVA followed 
by Tukey’s Test.  S. mutans planktonic cultures exhibited fast growth and lower pH after adaptation 
to lactose. However, this profile was not observed after biofilm formation. The effects of the factor 
treatment were significative for all variables studied (p< 0,05). Thus, higher values of dry weight, 
higher number of CFU, higher amounts of EPS, higher demineralization and more pronounced pH 
falls were found after exposure to sucrose. Moreover, the demineralization found after exposure to 
lactose was higher than the one of the negative control group (p< 0,05). The factors adaptation and 
interaction (adaptation and treatments) were significative only for the variables soluble and insoluble 
EPS. Therefore, we conclude that biofilms formed from cells adapted to lactose do not result in higher 
cariogenicity nor do they show increased demineralization potential. 
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1. INTRODUÇÃO  
A cárie é uma doença biofilme-açúcar dependente na qual a exposição frequente dos micro-
organimos orais a carboidratos fermentáveis leva  progressiva desmineralização dos substratos 
dentais (Fejerskov e Kidd, 2015). Os produtos ácidos da metabolização dos carboidratos pelas 
bactérias geram constantes quedas de pH no biofilme, o que promove a proliferação e seleção 
bactérias acidúricas e acidogênicas, como Streptococcus mutans (Marsh, 2006). Essa alteração 
ecológica é responsável pela transição de um biofilme compatível com a saúde para outro altamente 
virulento e patogênico (Marsh, 1994). Por isso, apesar de o biofilme constituir um fator necessário, é 
a exposição frequente à açúcares que determina o desenvolvimento e a progressão da doença 
(Fejerskov, 2004).  
A dieta moderna é rica em carboidratos fermentáveis, sendo o biofilme dental constantemente 
exposto a desafios cariogênicos. Dentre os carboidratos presentes na dieta, sacarose é considerado o 
mais cariogênico, uma vez que, além de ser metabolizada a ácidos pelos micro-organismos que 
compõem o biofilme dental, é o único substrato para síntese de polissacarídeos extracelulares (PEC) 
(Bowen, 2002; Paes Leme et al, 2006; Koo et al., 2013). Os PEC modificam a matriz extracelular do 
biofilme, deixando-a mais pegajosa, volumosa e porosa.  Dessa forma, além de promover adesão 
bacteriana, os PEC também facilitam a difusão dos carboidratos para porções mais profundas do 
biofilme (Rölla, 1989; Bowen e Koo, 2011). Isso permite manutenção mais prolongada de baixo pH 
nas proximidades da superficial dental, o que intensifica a perda mineral (Marsh, 2010). Há também 
evidência de que biofilmes formados na presença de sacarose apresentam menores concentrações de 
Ca e Pi, íons importantes na manutenção do equilíbrio mineral (Cury et al., 1997; Cury et al, 2000). 
Dessa forma, a maior perda mineral observada nos substratos dentais após exposição à sacarose 
justifica-se tanto pelo potencial acidogênico desse carboidrato, quanto pela alteração da matriz do 
biofilme causada pela síntese de PEC (Paes Leme et al., 2006). 
Apesar do reconhecido papel da sacarose na formação do biofilme cariogênico, outros 
carboidratos, como a lactose, presente no leite e em seus derivados, também podem ser metabolizados 
a ácidos, gerando quedas de pH no biofilme dental (Rugg-Gunn et al., 1985, Birkhed et al., 1993, 
Aires et al., 2002). Por estar presente em alimentos largamente consumidos em todo o mundo, o 
potencial cariogênico da lactose já foi estudado em modelos in vitro (Birkhed et al., 1993, Muñoz et 
al., 2012), in situ (Aires et al., 2002) e in vivo (Rugg-Gunn et al., 1985, Birkhed et al., 1993, Bowen 
e Lawrence, 2005).  Os resultados desses estudos mostram que, além de a lactose não ser substrato 
para a síntese de PEC, sua metabolização gera quedas de pH não compatíveis com a dissolução do 
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esmalte, mas que podem ser suficientes para a desmineralização da dentina (pH ≈6,5) ( Rugg-Gunn 
et al., 1985, Birkhed, 1993, Muñoz et al., 2012) Essa menor cariogenicidade da lactose explica-se 
pelas diferenças na metabolização dos carboidratos pelas bactérias do biofilme dental. Para sacarose 
ou seus monossacarídeos, glicose e frutose, por exemplo, a metabolização é feita por sistemas 
expressos constitutivamente pelo micro-organismo orais. Assim, os ácidos são gerados de maneira 
rápida e intensa, levando a quedas de pH no biofilme dental capazes de atingir níveis abaixo do crítico 
para a desmineralização do esmalte (pH ≈ 5,5) (Neff, 1967, Cury et al., 2000). Por outro lado, os 
micro-organismo orais necessitam de sistemas induzidos para metabolizar lactose (Zeng et al., 2010). 
Esse processo demanda tempo e alto custo energético, o que resulta em uma produção de ácidos 
menos pronunciada e mais lenta. Por esse motivo, lactose pode ser classificada como um dos açúcares 
de menor potencial cariogênico quando comparada a outros carboidratos da dieta. 
Apesar da evidência da baixa cariogenicidade da lactose, estudos apontam que o consumo 
frequente deste carboidrato promove adaptação das bactérias ao transporte e catabolismo da lactose 
(Hamilton e Letbag, 1979; Zeng et al., 2010). Dessa forma, sabe-se que em S. mutans lactose é 
transportada e metabolizada por proteínas e enzimas codificadas no operon lac (Zeng et al., 2010) e 
esse sistema é ativado apenas quando há baixa disponibilidade de fontes de carbono mais facilmente 
metabolizáveis e quando lactose está presente no meio como única fonte de energia disponível (Moye 
et al., 2014). Entretanto, quando há adaptação, enzimas relacionadas as vias de metabolização da 
lactose são mais eficientemente induzidas, o que indica que o micro-organismo faz uso seletivo do 
carboidrato presente no meio, metabolizando rapidamente as fontes de carbono disponíveis, mesmo 
na ausência de fontes preferenciais de energia (Zeng et al., 2010, Moye et al., 2014). Isso permite a 
manutenção da eficiência energética e da competitividade entre espécies.  
Birkhed et al., (1993) avaliou in vitro e in vivo as mudanças no perfil de metabolização da 
lactose por micro-organismos orais após um período de adaptação. O estudo in vitro consistia da 
avaliação da produção ácido a partir de glicose ou lactose em diferentes cepas de S. mutans 
previamente crescidas em meio de cultura suplementado com glicose ou lactose. Os resultados 
mostraram que após um período de adaptação ao crescimento na presença de lactose, houve 
semelhante produção de ácidos por S. mutans reexpostos a glicose ou lactose. O estudo in vivo avaliou 
as alterações no pH da placa após bochecho de 30 segundos com lactose 10% ou glicose 10% antes 
e após um período de 6 semanas de adaptação à lactose. Observou-se que, após o período de 
adaptação, as bactérias do biofilme conseguiram metabolizar a lactose mais rapidamente, o que 
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resultou em maior produção de ácidos e, consequentemente, quedas de pH mais pronunciadas no 
biofilme dental.  
Embora compreenda-se que essa adaptação bacteriana promova a metabolização mais 
eficiente da lactose  por culturas planctônicas e que in vivo isso representa quedas de pH mais 
pronunciadas, a composição do biofilme formado a partir de bactérias adaptadas a lactose não é 
conhecida, bem como não se sabe se esse  biofilme seria  capaz de causar maiores taxas de 
desmineralização. Dessa forma, este estudo objetiva avaliar a cariogenicidade de biofilmes de 
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Oral bacteria adapted to lactose ferment this carbohydrate faster than non-adapted cells, but it is 
not known if this adaptation is maintained when biofilm is formed. Therefore, we investigated if 
Streptococcus mutans biofilm formed from cells adapted to lactose fermentation provokes higher 
demineralization in root dentine. Biofilms were grown in UTYEB medium on root dentine slabs 
of known surface hardness (SH). After a 7-days period of S. mutans adaptation to lactose, adapted 
(Ad) and non-adapted (NAd) cells were used to form biofilms that were exposed 8x/day for 3 min 
to 50 mM NaCl, 4.5% lactose, or 4.5% sucrose. The medium was changed twice daily, after the 8 
treatment exposures and after the overnight period of famine, and was used to determinate the pH 
(indicator of biofilm acidogenicity). After 96 h of growth, the biofilms were collected for the 
analyses of viable cells (CFU), biofilm dry weight, and extracellular polysaccharides (EPS), 
soluble and insoluble. Dentine demineralization was evaluated by percentage of SH loss (%SHL). 
Data were statistically analyzed by two-way ANOVA followed by Tukey’s test (α=5%). Biofilms 
formed from adapted and non-adapted cells when exposed to lactose were not statistically different 
for all the evaluated variables (p<0.05). Both types of biofilms exposed to lactose showed higher 
(p<0.05) %SHL (Ad=10.7±4.1; NAd=9.7±4.4) than NaCl exposure (Ad=6.1±5.2; NAd=7.6±3.8), 
however lower (p<0.05) %SHL values than sucrose exposure (Ad=30.1±8.8; NAd=34.0±8.7). 
Demineralization data was supported by the results of biofilm acidogenicity. The findings suggest 
















Dental caries is a biofilm-sugar dependent disease driven primarily by the constant 
exposure of oral microorganisms to fermentable carbohydrates, which generates acids and leads 
to the dissolution of the tooth minerals [Bowen, 2002].  The disease is a result of an ecological 
shift in the balance of the resident flora due to repeated events of low pH in the biofilm, a condition 
that favors the growth of acid producing and acid tolerant species [Marsh, 2006; Marsh, 2017]. 
Given that the modern diet is rich in refined sugars, the oral biofilm is constantly exposed to 
cariogenic challenges. Among the dietary carbohydrates, sucrose is considered to have the greatest 
cariogenic potential, once it can be fermented to acids and is the only substrate for the synthesis 
of extracellular polysaccharides [Rölla, 1989; Bowen, 2002, Paes Leme et al., 2006]. Although 
sucrose presents such potential, other carbohydrates, such as lactose can also be fermented to acids, 
cause plaque pH falls and demineralization [Rugg-Gunn et al., 1985;  Birkhed et al., 1993, Aires 
et al., 2002, Muñoz et al., 2012]. The cariogenic potential of lactose is of high interest once it is a 
world-widely consumed carbohydrate present in milk and in milk derivatives, which are 
considered ubiquitous foods [Singh et al., 2015].  
In this scenario, light has been shed on the role of lactose in the onset and progress of dental 
caries, a topic that has been studied in vitro [Rugg-Gunn et al., 1985, Birkhed et al., 1993, Muñoz 
et al. 2012],  in situ [Aires et al., 2002], and in vivo [Rugg-Gunn et al., 1985, Birkhed et al., 1993; 
Bowen and Lawrence, 2005]. For instance, it has been demonstrated that besides not being a 
substrate for the synthesis of extracellular polysaccharides, plaque pH falls from the metabolism 
of lactose are slight and not compatible with enamel dissolution [Rugg-Gunn et al., 1985; Birkhed 
et al., 1993], but moderately capable of causing dentine demineralization [Aires et al., 2002; 
Muñoz et al., 2012]. This reduced cariogenic potential is explained by the less acid production in 
dental plaque from lactose than from sucrose or its monosaccharides [Neff, 1967]. Whereas oral 
microorganisms express constitutive pathways for the transport and catabolism of sucrose, 
glucose, and fructose, leading to a readily acid production, other metabolization systems must be 
induced to transport and use lactose [Zeng et al., 2010; Moye et al., 2014]. Thus, acid production 
from lactose demands higher energy and longer times from oral microorganisms, which explains 
the lower levels of acid produced and the consequent less pronounced plaque pH falls.  
Providing that sugar cariogenicity is associated with how a carbohydrate is metabolized, it 
is known that oral bacteria are able to detect signals and respond to environmental changes through 
specific gene activation or repression [Moye et al., 2014; Zeng et al., 2018]. In this light, it has 
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been proposed that even though lactose presents a low cariogenic potential, the frequent exposure 
of oral microorganisms to this carbohydrate might lead to adaptation [Hamilton and Letbag, 1979, 
Birkhed et al., 1993; Zeng et al., 2010].  In S. mutans, for instance, lactose metabolism depends on 
the gene products of the lac operon [Zeng et al., 2010].  The expression of this system is dependent 
on the presence of lactose on the environment and repression occurs when sufficient levels of 
glucose are present [Zeng et al., 2010; Moye et al., 2014]. However, when adaptation takes place, 
enzymes of the lactose metabolism pathways are more expressed, which promotes a more efficient 
use of this carbon source for energy obtainment [Hamilton and Letbag, 1979]. Adaptation is, 
therefore, a bet-hedge mechanism used by the microorganisms to survive and persist fluctuating 
conditions of nutrient supply [Zeng et al., 2018].  
Regarding the correlation between adaptation and cariogenicity of lactose, it was 
demonstrated in vitro that strains of S. mutans constantly exposed to this carbohydrate exhibited 
acid production similar to what was observed for glucose [Birkhed et al., 1993]. Adaptation was 
also seen in vivo after a six-week period during which volunteers rinsed their mouth six times a 
day with a 10% lactose solution [Birkhed et al., 1993]. The results of this in vivo experiment 
revealed that acid production from lactose increased significantly after adaptation, which caused 
more pronounced plaque pH falls when comparing the period before with the one after adaptation. 
Although adaptation has been demonstrated in terms of bacterial growth and effective use of 
lactose to produce acids, it is not known whether biofilms formed from cells adapted to lactose are 
capable of causing higher demineralization rates. Therefore, the aim of this study was to 
investigate if Streptococcus mutans biofilm formed from cells adapted to lactose fermentation 
provokes higher demineralization in root dentine. 
Material and methods 
Experimental design  
After approval of the Research and Ethics Committee of the Piracicaba Dental School, 
University of Campinas (CAAE: 67341717.2.0000.5418), a randomized and blinded experimental 
study was conducted in vitro using a validated cariogenic biofilm model [Ccahuana-Vazquez and 
Cury, 2010]. The factors under study were type of biofilm (formed from bacterial cells adapted 
and non-adapted to lactose fermentation) and treatments (NaCl, lactose, and sucrose) evaluated in 
six experimental groups: (1) adapted cells + 50 mM NaCl, (2) non-adapted cells + 50 mM NaCl, 
(3) adapted cells + 4.5% lactose (same concentration of lactose found in bovine milk), (4) non-
adapted cells + 4.5% lactose, (5) adapted cells + 4.5% sucrose (same concentration of lactose 
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evaluated), (6) non-adapted cells + sucrose 4.5%. Streptococcus mutans UA159 adaptation to 
lactose was performed during a 7-day period and verified by bacterial growth curve and acid 
production (Figure 1a). Biofilms formed from bacterial cells adapted and non-adapted to lactose 
were grown on bovine root dentine slabs, which were selected by surface hardness (SH) and 
randomized into the experimental groups (n=12/group). The biofilms were formed on saliva-
coated dentine slabs using ultrafiltered (10 kDa molecular weight cut-off membrane) tryptone-
yeast extract broth (UTYEB). Both biofilms, formed from adapted and non-adapted cells, were 
exposed 8 times a day for 3 min to the treatments, according to the groups previously described 
(Figure 1b).  The culture medium was changed twice daily during biofilm growth and the pH was 
measured as indicator of biofilm acidogenicity. After 96 h of growth, the biofilms were collected 
for the analyses of viable cells (CFU), biofilm dry weigh, and extracellular polysaccharides 
(soluble and insoluble). Dentine demineralization was evaluated as percentage of SH loss (%SHL). 
Three independent experiments were carried out and data were statistically analyzed by two-way 
ANOVA followed by Tukey’s Test (α=5%), considering the factorial (2x3): type of biofilm in two 
levels and treatments in three levels. 
        
  
Figure 1:  Outline of the adaptation to lactose (a) and of the experimental design (b). 
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Bovine root dentine slabs preparation 
Roots of bovine incisors were sectioned using a low-speed diamond blade to obtain dentine 
slabs (4 x 7 x 1 mm) [Fernandez et al., 2016]. The slabs had their surfaces ground using aluminum 
oxide abrasive papers (#400, #600, and #1200) and were polished with 1 μm diamond paste in a 
grinder machine (Phoenix Beta, Buehler, USA). The surface hardness (SH) was determined using 
a Knoop indenter (Future-Tech FM, Kawasaki, Japan) with which three indentations spaced 100 
μm from each other were performed using a 5-g load for 5 s on the center of the polished surface. 
To standardize the analysis, the dentine slabs were allowed to dry for at least 30 min before 
performing the indentations [Vale et al., 2010]. Slabs with intra-variability lower than 15% were 
selected and randomized into the groups. Metallic holders were used to maintain the dentine slabs 
in vertical position in the 24-well culture plates. Then, the dentine slabs were submitted to 
sterilization by exposure to ethylene oxide (ACECIL, Campinas, SP, Brazil).  
S. mutans adaptation to lactose 
S. mutans UA159 reference strain stored at -80 °C [Ajdic et al., 2002] was first grown on 
Columbia Blood Agar (CBA) and incubated for 48 h at 37°C, 10% pCO2.  Bacterial inoculum was 
prepared with isolated S. mutans colonies were transferred to ultrafiltered tryptone-yeast extract 
broth (UTYEB) supplemented with 1% glucose (w/v) and incubated for 16 h at 37°C, and 10% 
pCO2. After this period, the cells were harvested by centrifugation (6,000 g at 4°C for 5 min). The 
precipitated cells were washed twice in saline solution and the cultures were resuspended in fresh 
UTYEB media containing 1% lactose or 1% glucose. The cell suspensions were standardized in 
spectrophotometer at OD600 at an absorbance of 1.0 ± 0.05. The cultures were grown for a period 
of 10 h, and at the same time that the culture’s absorbance was measured (OD600) to assess the 
bacterial growth curve, aliquots of the medium was collected to determine the pH to evaluate the 
bacterial acid production before the adaptation period. After that, aliquots of grown cultures were 
transferred to a fresh UTYEB supplemented with 1% lactose or 1% glucose and incubated for 24 
h at 37°C, 10% pCO2. During 7 days, the bacterial cells were transferred every 24 h to culture 
media containing lactose (adapted cells) or glucose (as control; non-adapted cells). At the end of 
this 7-day period, bacterial growth curve and medium pH were again evaluated as previously 




The biofilm model used in this study was previously described by Ccahuana-Vasquez and 
Cury [2010]. Firstly, root dentine slabs were immersed in human saliva to form the acquired 
pellicle. Thus, for each experiment, stimulated whole saliva was collected from the same two 
healthy donors. Salivary flow was stimulated by chewing a paraffin film and the saliva was 
collected in 50 mL polypropylene tubes on ice for 30 min. The saliva was pooled, salivary proteins 
were stabilized with adsorption buffer, and proteases were inhibited with phenylmethylsulfonyl 
fluoride (PMSF). Then, the salivary pool was centrifuged (10,000 g, 4˚C, 10 min) and filtered 
(0.22 μm) [Fernandez et al., 2016]. The dentine slabs were immersed into the filtered human saliva 
and incubated at 37˚C for 30 min to allow the formation of the acquired pellicle [Ccahuana-
Vasquez and Cury, 2010].  The inoculum was prepared from frozen S. mutans cells previously 
adapted and non-adapted to the fermentation of lactose. The maintenance of lactose adaptation 
was verified before each experiment by the evaluation of the bacterial growth curve and medium 
pH as previously described. After that, the cultures were grown overnight in thioglycolate medium 
containing 1% lactose or 1% glucose. Then, an aliquot of 50 µL of each culture was transferred to 
UTYEB with the respective carbohydrate and incubated overnight at 37˚C, 10% pCO2 (Figure 1b). 
The cells were centrifuged, washed with saline solution, and resuspended in fresh UTYEB. To 
obtain the bacterial inoculum, the cell suspension was standardized in a spectrophotometer at 
OD600 at an absorbance of 1.6 ± 0.05. The saliva coated slabs were transferred to wells containing 
2 mL of fresh UTYEB with 1% glucose and the inoculum (1:500 v/v) to favor bacterial adhesion. 
The UTYEB pH 7.0 was strongly buffered (10x higher than the usual phosphate concentration) to 
avoid pH drops and dentine demineralization during the adhesion phase. After adhesion, the slabs 
were transferred to fresh UTYEB pH 7.0 with 0.1 mM glucose (salivary basal concentration) and 
incubated overnight at 37˚C, 10% pCO2 for 16 h. At the beginning of second day, the biofilms 
were exposed 8 times a day for 3 min to treatment solutions of 50 mM NaCl, 4.5% lactose, or 
4.5% sucrose at predetermined times (08:00, 09:30, 11:00, 12:00, 13:30, 15:00, 16:00 and 17:30 
h) [Fernandez et al., 2016]. After treatment exposure, dentine slabs were rinsed 3 times in saline 
solution and placed back into the culture media. The culture media was changed twice daily, before 
the first and after the last treatment, and the medium pH was immediately evaluated after each 
change. After 96 h of growth, biofilms were harvested by sonication at 7 watts for 30 s in saline 
solution, as described by Ccahuana-Vasquez and Cury [2010]. The slabs were collected to assess 




Aliquots of the suspension were used to evaluate bacterial viable cells, biofilm dry weight, 
and extracellular soluble and insoluble polysaccharides.  For the bacterial viability, an aliquot of 
100 μL of the biofilm suspension was ten-fold serially diluted in saline solution until 1:107. Two 
drops of 20 μL of each dilution were plated on Todd-Hewitt broth (THB) plus agar and incubated 
for 48 h at 37˚C, 10% pCO2. The counts of the colony forming units (CFU) were performed with 
a stereoscopic microscope [Tenuta et al., 2006, Ccahuana-Vasquez and Cury, 2010]. The 
extraction of extracellular polysaccharides (EPS), soluble (S-EPS) and insoluble (I-EPS), was 
performed as described by Aires et al., [2008] from an aliquot of 400 μL of the biofilm suspension. 
The amounts of S-EPS and I-EPS were quantified by the phenol-sulfuric method using glucose as 
standard [Dubois, 1956]. The biofilm dry weight was evaluated as described by Ccahuana-
Vazquez and Cury [2010] from another aliquot of 400 μL of the biofilm suspension added in pre-
weighed microcentrifuge tubes. The dry weight was determined by the difference between the final 
and initial weight of the microcentrifuge tubes.  
Culture medium analysis 
The culture medium was collected twice daily, at each medium change, and was 
immediately used to determine the pH. The pH was measured directly from each well of the 24-
well culture plate using a pH microelectrode (Accumet; Cole-Parmer, USA) coupled to a pHmeter 
(Procyon SA-720, Olımpia, Brazil), which was previously calibrated with pH standards of 4.0 and 
7.0. 
Dentine demineralization assessment 
The dentine slabs were used to evaluate the demineralization provoked by the treatments. 
After biofilm removal from the surface of dentine slabs, SH was performed again by three 
indentations 100 μm apart from the initial SH measurement [Vale et al., 2010]. The percentage of 
SH loss (% SHL) was calculated using the equation: (baseline SH - SH after biofilm assay × 
100)/baseline SH. 
Statistical analyses  
Data were statistically analyzed by two-way ANOVA followed by Tukey’s Test 
considering the factorial design (2x3): type of biofilm (formed from adapted and non-adapted cells 
to lactose fermentation) at two levels and treatments (NaCl, lactose, and sucrose) at three levels. 
The assumptions of normal distribution of errors were checked for all the response variables with 
Kolmogorov-Smirnov’s Test. Variables that did not satisfy these parameters were transformed to 
square-root (biofilm dry weight and %SHL) or log10 (CFU counts). The statistical analysis was 
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performed using the IBM SPSS software (Version 21.0, Armonk, NY: IBM Corporation), 
employing a significance level fixed at 5%. 
 
Results 
The curves of the bacterial growth and the pH changes of S. mutans cells grown before and 
after the 7-day period in medium containing lactose or glucose are shown in Figures 2 and 3, 
respectively. The bacterial growth curve and the plaque pH changes with glucose presented the 
same pattern for the period before and after adaptation. However, it was possible to see that after 
adaptation to lactose, the bacteria exhibited a short lag phase, a pronounced exponential growth, 
and the time to achieve the maximum growth halved.  Adaptation also affected acid production by 
the bacteria, which is highlighted by the pH changes with lactose achieving the same levels of the 
ones observed for the growth with glucose. 
 
 
Figure 2: Bacterial growth curve (OD600 x time) of S. mutans cultures before and after 
a 7-day period of exposure to culture medium with lactose or glucose.  Constant 
exposure to lactose led S. mutans to exhibit a growth comparable with the one the 





Figure 3: pH changes of S. mutans cultures (pH x time) before and after a 7-day period 
of exposure to culture medium with lactose or glucose. Constant exposure to lactose 
led S. mutans to exhibit acid fermentation comparable with the one of the strains 
exposed to glucose over a 7-day period. 
 
Regarding mineral loss, the statistical analysis showed significant differences for the factor 
treatment (p < 0.001). However, no difference was observed for adaptation (p > 0.05) nor for the 
interaction effect between the factors adaptation and treatment (p > 0.05). Higher %SHL was 
observed in the sucrose group for both adapted and non-adapted biofilms, which differed 
statistically from the negative control (p < 0.05) and from the group treated with lactose (p < 0.05). 
The demineralization caused by lactose was higher than the one observed in the negative control 
group for both types of biofilms, which was statistically significant (p < 0.05). Under sucrose 
exposure, the dentine slabs lost around 30 (adapted) to 34% (non-adapted) of surface hardness, 




Figure 4: Percentage of surface hardness loss (%SHL) of dentine slabs according to biofilm type and 
treatments (NaCl, lactose, or sucrose). Identical lowercase letters indicate no statistically significant 
difference between type of biofilm for each treatment (p > 0.05), whereas different capital letters indicate 
statistically significant difference among treatments (p < 0.05). (Means ± SD; n=12). 
  
For the pH of the culture medium, at time 32 hours groups lactose and sucrose differed 
only from the negative control (p > 0.05), whereas at times 56 and 80 h of biofilm development, 
the factorial ANOVA showed significant differences for the factor treatment among all groups (p 
< 0.001) (Figure 4). However, no differences were observed on the main effects of the factors 
adaptation and interaction (adaptation and treatments) at any time (p > 0.05). The values of pH 
were lower for the sucrose group, which became a significant difference after 56 h of biofilm 





Figure 4: pH values of the culture medium according to type of biofilms (adapted and non- adapted), 
treatments (NaCl, lactose, or sucrose), and time of biofilm development (h) as an indicator of biofilm 
acidogenicity (Means, n=12). *Indicates statistically significant difference. 
As for surface hardness and pH, a significant difference in dry weight was observed only 
for the factor treatment (p < 0.05), whereas neither adaptation (p > 0.05) nor interaction (p > 0.05) 
showed significative main effects (Figure 5).  Much higher values of dry weight were seen for the 
biofilms formed under sucrose exposure than those formed on lactose or NaCl (p < 0.001).  For 
the number of viable cells (Figure 6), only the factor treatment had a significative effect (p < 0.05), 
















Figure 5: Biofilm dry weight according to type of biofilm (adapted and non-adapted) and treatments 
(NaCl, lactose, or sucrose). Identical lowercase letters indicate no statistically significant difference 
between type of biofilm for each treatment (p > 0.05), whereas different capital letters indicate 










Figure 6: CFU counts per biofilm (Log10) according to type of biofilm (adapted and non-adapted) and 
treatments (NaCl, lactose, or sucrose). Identical lowercase letters indicate no statistically significant 
difference between type of biofilm for each treatment (p > 0.05), whereas different capital letters indicate 




Regarding soluble polysaccharides (S-EPS), the statistical analyses showed only 
significant difference for the factor treatment (p < 0.05). S-EPS and I-EPS were only synthesized 
in biofilms when the cells were exposed to sucrose. (Figure 10). 
 
Figure 7: Amount (µg) of extracellular polysaccharides (EPS) per biofilm, soluble (S-EPS) and insoluble 
(I-EPS), according to type of biofilm (Ad=adapted and NAd=non-adapted) and treatments (NaCl, lactose, 
or sucrose). For each type of EPS (S-EPS or I-EPS), distinct lowercase letters indicate significant difference 
between type of biofilm for each treatment (p < 0.05), while distinct capital letters indicate significant 
difference among treatments (p < 0.05). (Means ± SD; n=8). 
 
DISCUSSION 
Given the widespread consumption of lactose, its cariogenicity is of high interest. Studies 
which tested the role of lactose in the formation of a cariogenic biofilm have already demonstrated 
that this carbohydrate presents a limited acidogenic potential [Rugg-Gun et al., 1985, Birkhed et 
al., 1993, Aires et al., 2002, Muñoz et al., 2012].  Thus, enamel mineral loss is less likely to occur 
when lactose is the only source of carbohydrate for the biofilm [Muñoz et al., 2012].  The same is 
not valid for dentine, a substrate for which lactose is considered moderately cariogenic [Aires et 
al., 2002, Muñoz et al., 2012]. Although lactose is considered one of the least cariogenic sugars, 
evidence has been pointing that repeated exposures to this carbohydrate might lead the oral 
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microorganisms to become adapted and produce more acid from lactose [Hamilton and Letbag, 
1979; Birkhed et al., 1993; Zeng et al., 2010].  This process was seen in vitro and in vivo [Birkhed 
et al., 1993], but there is no evidence that adaptation to lactose would necessarily lead to higher 
demineralization rates. Therefore, we tested the cariogenicity and demineralization potential of a 
biofilm formed from S. mutans cells adapted to the metabolism of lactose.  
First, our findings confirmed (Figures 4 and 5) that after a period of constant exposure to 
lactose, S. mutans became adapted to ferment faster this carbohydrate, which is noticeable when 
comparing the exponential growth curve of the period before with the one after adaptation. We 
demonstrated that the bacteria exhibited a faster growth rate after adaptation, achieving a 
maximum growth in half of the time spent before adaptation. In this regard, it has been shown that 
S. mutans grown in lactose exhibit higher expression of genes related to the lactose metabolism 
pathways, which results in a more efficient use of this carbohydrate for microorganism 
multiplication and survival [Hamilton and Letbag, 1979; Zeng et al., 2010]. Increased acid 
production was also a finding after adaptation, with the acid production from lactose matching the 
one from glucose. This finding was also observed in an in vitro [Birkhed et al., 1993] experimental 
series, which shows that S. mutans can be shaped by the nutritional environment they inhabit.  
Although adaptation was found in the planktonic cultures of S. mutans, the same was not 
evident when we cultured a biofilm formed from cells adapted to lactose. This might be explained 
due to the differences between the metabolic events in liquid cultures in comparison to the behavior 
of a complex microbial organization such as a biofilm [Shemesh et al., 2007;  Svensäter et al, 
2011]. In this regard, it is known that transition to biofilm from the planktonic condition does not 
radically alter the transcriptome of S. mutans. However, even such small changes in gene 
expression have the potential to profoundly affect cellular physiology, mainly because organisms 
in biofilm environments have specific metabolic activity [Shemesh et al., 2007]. In this light, it 
was already demonstrated that S. mutans biofilm cells possess much lower acid-producing activity 
than the planktonic cells growing in liquid phase [Svensäter et al, 2011]. Thus, the transition from 
planktonic cells to the biofilm formation might have influenced the adaptation profile.  
Other factor that might have affected adaptation is the intermittent exposure of the biofilm 
to other sources of carbohydrate, such as glucose, during the steps of biofilm formation and 
growth. Most oral bacteria, such as S. mutans, employ carbohydrate catabolite repression to 
prioritize carbohydrate utilization [Moye et al., 2014] when the bacteria are exposed to more than 
one metabolizable source, shifting to less-preferred carbohydrates after preferred ones have been 
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exhausted [Zeng et al 2010; Zeng et al.,2018]. This means that when in contact with glucose and 
lactose, S. mutans preferentially internalizes and catabolizes glucose. Only after glucose is 
depleted, cells shift to the use of lactose for growth [Zeng et al., 2010; Moye et al., 2014, Zeng et 
al., 2018]. Recent findings on this process have shown that prior exposure to certain carbohydrates 
can result in a long-term inability to use lactose [Zeng et al., 2018]. Authors have explained such 
behavior by demonstrating that S. mutans slowly transitions from lactose after being cultivated in 
glucose, which is a result of the occurrence of carryover residual of glucose, a factor that influences 
the growth behaviors [Zeng et al., 2018].  In our study, we used a model in which the inoculum 
was prepared from lactose (adapted) or glucose-grown cells (non-adapted). Both types of cells 
were exposed to 1% glucose for 8 h to promote bacterial adhesion. Moreover, after each treatment, 
the dentine slab containing the biofilm returned to the culture medium, which was supplemented 
with 0.1 mM glucose. Thus, we posit that the intermittent contact of the biofilm with carbohydrates 
more easily metabolized than lactose might have altered the metabolic response of the cells to 
adaptation. Although the intermittent exposure to other carbohydrates might have affected 
adaptation to lactose, we used a validated cariogenic biofilm model, which allows the simulation 
of a feast-and-famine condition and is similar to what the oral biofilms endure in a real condition. 
Contrary to what was shown in vivo by other investigation [Birkhed et al., 1993], our 
experiments showed no difference in pH changes when comparing the biofilm formed from 
lactose-adapted cells with the one of the non-adapted. This result is explained basically by the 
difference in biofilm composition and pH evaluation of both experiments. For instance, in the in 
vivo study, the volunteers rinsed their mouth with the lactose solution, which led the microbiota to 
become adapted to the metabolism of this carbohydrate. However, the volunteers also remained 
on their habitual diet, which might have included some sucrose exposures. Thus, together with 
adaptation, there could have been formed a biofilm with a matrix, which changes the biofilm 
structure, promoting the maintenance of lower pH for longer times [Bowen, 2004; Paes Leme et 
al 2006]. In our study, the adapted and non-adapted biofilm were exposed to cariogenic challenges 
with lactose alone, so we evaluated the isolated effects of such carbohydrate on biofilm 
cariogenicity and demineralization potential.  Thus, the adapted biofilm was not formed on the 
presence of a matrix, being the pH changes a result only of the acid production from lactose. 
Regarding the evaluation of the biofilm pH after adaptation, in the in vivo experimental series pH 
was assessed using telemetry. In this indwelling method, biofilm is allowed to form on the tip of 
an electrode and hydrogen electron activity is recorded over time [Jensen et al., 1982]. We 
evaluated the pH of the culture media as an indicator of biofilm acidogenicity. Thus, we evaluated 
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the release of acids from the biofilms, not on the biofilms. This information allowed the 
comparison of the acidogenicity of the biofilm after periods of abundance and starvation 
[Ccahuana-Vasquez and Cury, 2010].  
Regardless of adaptation, our results depict that biofilms challenged with lactose are less 
cariogenic than the ones exposed to sucrose, which is a finding consistent with the already 
demonstrated potential of sucrose to induce changes on the biofilm ecology and structure [Bowen, 
2004, Pes Leme et al., 2006]. For instance, we showed that biofilms exposed to sucrose presented 
higher values of dry weight, which is a result that agrees with other reports that demonstrated that 
exposure to sucrose leads to the formation of a biofilm with increased biomass [Aires et al., 2008; 
Koo et al., 2009]. Such biofilm behavior is justified by the enhanced bacterial metabolic activity 
under sucrose exposure. Moreover, it is known that although lactose can be fermented by oral 
bacteria, including Streptococcus mutans, this carbohydrate is not as easily metabolized as sucrose 
[Zeng et al., 2010], which explains why biofilms challenged only with lactose exhibited less 
cariogenicity. 
The differences in metabolization are also evident when evaluating pH drops from lactose 
in comparison to sucrose.  The latter caused greater pH drops than the former. These findings are 
in agreement with previous studies [Cury et al., 2000, Muñoz et al., 2012] that showed that sucrose 
presents the highest cariogenicity among other dietary carbohydrates, such as glucose, fructose, 
lactose, mannitol, melibiose and sorbitol [Kolourides, 1976, Cury et al., 2000; Cury et al., 2000; 
Aires et al., 2002]. Although in our study pH drops for sucrose were greater than for lactose, they 
were not as pronounced as the ones found in previous publications. This is explained due to the 
concentration we used (4.5%). In this regard, it should be noted that greater decrease in pH is 
observed when sucrose concentration increases [Paes Leme et al., 2006]. The slight pH falls from 
lactose fermentation on the biofilm are due to the slower metabolization of lactose for the mutans 
streptococci. Catabolism of lactose in S. mutans depends on the inducible gene products of the lac 
operon, which are generated by the lactose breakdown [Zeng et al., 2010; Moye et al., 2014]. Such 
process demands time and high energy, justifying why pH drops from the fermentation of lactose 
are not as pronounced as for sucrose. The lower efficiency in using lactose for energy obtainment 
might also explain the differences we found in biofilm growth.  In this regard, we observed that 
CFU counts of biofilms exposed to lactose were not different from the ones of the negative control, 
but they were lower than the CFU counts of the biofilms exposed to sucrose. Thus, our study 
allowed the differentiation of sucrose and lactose in terms of pH and bacterial growth, bringing 
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out the discussion of bacteria metabolization of different carbohydrates and how such events alter 
the biofilm virulence.  
Looking at biofilm structure, the data of polysaccharides revealed some differences in 
terms of S-EPS and I-EPS of adapted and non-adapted biofilms, with the non-adapted one 
exhibiting higher amounts of both types of polysaccharides. Our data demonstrate that sucrose 
promoted greater production of soluble and insoluble polysaccharides, which reinforces our 
previously discussed results.  It is also known that the EPS synthesized from sucrose modify the 
biofilm architecture, favoring bacterial adhesion, enhancing biofilm porosity, diffusion and 
retention of acids, which increases demineralization [Rölla, 1979, Bowen, 2004, Paes Leme et al., 
2006].  
As expected, sucrose caused higher surface hardness loss than lactose. This result is 
supported by our findings of biofilm dry weight, CFU counts, pH changes, and extracellular 
polysaccharides, which confirms the well-stablished role of sucrose in oral biofilm cariogenicity. 
Interestingly, we also observed higher demineralization of dentine when compared to the negative 
control. The lower mineral content makes dentine more susceptible to acid dissolution, which 
explain our findings. In terms of mineral loss, other important aspect of our experimental design 
was the use of a 10x buffered culture medium during adhesion phase, which ensures biofilm 
growth without causing higher demineralization. This improvement makes our results more 
pertinent and also justifies the lower %SHL we found when comparing our data to the ones 
demonstrated by previous studies that used comparable methodologies [Muñoz et al., 2012].  
Therefore, our results on the cariogenic potential of lactose bring light to a current and 
relevant discussion, which is the contribution of less cariogenic carbohydrates to the development 
of caries [Zeng et al., 2018].  Lactose, for instance, is one of the most abundant carbohydrates of 
human diet since it is the sugar found in milk and in its derivatives.  In this context, a target 
population would be adult people who are at higher risk of having dentine caries once aging is 
associated with root exposure due to physiological loss of periodontal tissue [Lopez et al., 2017].  
Although lactose may not represent a risk for the onset of enamel caries when it is the only source 
of carbohydrate for oral biofilms [Muñoz et al., 2012], as we showed, it might contribute to the 
development of dentine caries.  
Notwithstanding no adaptation to lactose in the biofilm occurred, we believe that such 
behavior is a mechanism encoded by oral bacteria to persist in oral environments, allowing the 
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microorganism to switch from one carbohydrate to another according to the nutrient availability 
[Zeng et al., 2010; Zeng et al., 2018]. Thus, we emphasize that adaptation to lactose needs to be 
sightseen at cellular and molecular levels. This information will facilitate the understanding about 
the mechanisms employed by oral bacteria to control sugar metabolism. Consequently, the role of 
adaptation to lactose will be comprehended in terms of biofilm formation and cariogenicity. 
Hence, under the conditions tested, the main findings of our investigation suggest that adaptation 
to lactose does not enhance biofilm cariogenicity, but that biofilms formed under lactose exposure 
are capable of causing dentine demineralization regardless of adaptation. 
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